ABSTRACT Clathrin-mediated endocytosis (CME) is a fundamental process in cell biology and has been extensively investigated over the past several decades. Every cell biologist learns about it at some point during his or her education, and the beauty of this process has led many of us to go deeper and make it the topic of our research. Great progress has been made toward elucidating the mechanisms of CME, and the field is becoming increasingly complex, with several hundred new publications every year. This makes it easy to get lost in the vast amount of literature and forget about the fundamentals of the field, which are based on the careful interpretation of simple observations made >40 years ago, as exemplified by a study performed by Anderson, Brown, and Goldstein in 1977. We examine how this seminal study was pivotal to our understanding of CME and its progression into ever-increasing complexity over the past four decades.
THE PATH FROM THE PLASMA MEMBRANE TO THE LYSOSOME
In their landmark study, Roth and Porter (1964) were the first to describe the uptake of yolk protein through small "bristle-coated pits" at the plasma membrane of mosquito oocytes and rightfully predicted their importance for the uptake of extracellular material. In March 1977, when understanding of the process of endocytosis was still in its infancy, Anderson, Brown, and Goldstein performed a study that described the uptake of the low-density-lipoprotein (LDL) receptor from coated regions on the plasma membrane into endocytic vesicles that subsequently fuse with lysosomes (Anderson et al., 1977a) . In an era before the advent of fluorescently tagged proteins, relatively little was known about the uptake of cargo proteins by receptors. Goldstein and his colleagues realized the importance of specific cell surface receptor interactions from their studies following the internalization of ferritin-labeled LDL molecules. In a series of beautifully detailed electron micrographs, they observed that ∼70% of LDL was located in small coated regions that made up only ∼2% of the total surface ( Figure 1 ). These regions would later become known as clathrin-coated pits (CCPs). By allowing LDL to bind to cells at 4°C (blocking receptor uptake) and subsequently warming the cells back to 37°C for various times before fixation, they we able to follow the uptake of LDL from these coated regions into the cell. By arranging the electron micrographs into a logical order, they concluded that LDL binds to its receptor in coated regions of the plasma membrane, which become deeply invaginated and then are pinched off to form intracellular vesicles. These vesicles are then trafficked through the cell to fuse with lysosomes, where LDL is degraded. As a control, they also visualized the uptake of horseradish peroxidase in the same manner. This protein is not recognized by specific receptors on the plasma membrane and so does not become concentrated in coated pits but is still taken up by the cell to some degree. These findings and the use of cells from a patient with hypercholesterolemia, whose fibroblasts were unable to bind LDL, led Goldstein and his colleagues to postulate the model of receptor-mediated endocytosis in a prescient review 2 years later (Goldstein et al., 1979) . This basic trafficking pathway is common knowledge for many of us today, but at the time it took tremendous conceptual insight and creativity to postulate it from a series of simple observations. Moreover, this model is still valid and includes the notion of high-affinity receptors, cargo selection, and recycling pathways. Strikingly, it also suggested the existence of additional, clathrin-independent endocytic pathways, which are increasingly recognized as having key physiological roles (Mayor et al., 2014) . It has become the framework for a whole field of research and has inspired scientists throughout the past 40 years.
Despite these advances, the mechanism by which CCPs are pinched off from the membrane remained unresolved. The solution to this came from understanding why a temperature-sensitive Drosophila melanogaster mutant (called shibire) is paralyzed at high temperatures (Poodry et al., 1973) . Electron microscopy studies of this mutant revealed that coated pits at the neuromuscular junction were stalled at a late stage of CME as deep invaginations in the plasma membrane that could not be pinched off. After identification and cloning of the responsible gene, a defect in the GTPase dynamin was shown to be responsible for this phenotype (Chen et al., 1991; Vanderbliek and Meyerowitz, 1991) . It took additional years to discover that dynamin assembles into ring-like structures (Hinshaw and Schmid, 1995) around the neck of deeply invaginated coated pits (Takei et al., 1995) , and indeed the precise mechanism by which dynamin causes the final scission of CCPs is still not fully resolved and remains a major research focus (Antonny et al., 2016) . Having identified the key components of the fundamental model, from the concentration of cargo into CCPs by adaptor proteins, to their scission by the GTPase dynamin, more detailed analysis led to the discovery of many new factors that influence CME. This included many more adaptors, regulatory proteins, and components that sculpt the membrane, promoting and sensing increasing curvature as the pit buds inward to form a vesicle (Merrifield and Kaksonen, 2014) .
A DYNAMIC PERSPECTIVE THROUGH LIVE-CELL IMAGING
The availability of fluorescent protein tags and the use of real-time fluorescence microscopy greatly affected how CME could be investigated. For the first time, the dynamics of the endocytic machinery and recruitment of several key components to growing CCPs could be visualized in real time. This meant that all the pieces of the model proposed by Goldstein and his colleagues could be put together to form a complete picture of CME in live cells. The ease of genetic manipulation of Saccharomyces cerevisiae made this model system extremely amenable to this new technology. Even though the process of endocytosis in yeast initially seemed to differ in some aspects from that of mammalian cells, the insights gained through these studies had a significant effect on understanding fundamental aspects of CME. In mammalian cells as well as in yeast, the sequential assembly and disassembly of protein modules during the early stages of endocytosis holds true and is similar in both systems (Goode et al., 2015) . By fluorescently labeling multiple key components of the endocytic pathway, kymographs of single endocytic patches could be assembled to visualize coat invaginations in real time for the first time (Kaksonen et al., 2003) . Through these early studies, the lifetime dynamics of single endocytic events were revealed and the dynamics and contribution of multiple endocytic proteins could be investigated. In particular, these approaches highlighted the importance of actin polymerization and filament
KEY STEPS TO UNDERSTANDING THE MOLECULAR MACHINERY OF CCPs
The key protein component of these coated regions was purified by Pearse (1975) , who named it clathrin (from the Latin clatratus, meaning "like a lattice"). This marked the beginning of the molecular era, and the key components of clathrin-mediated endocytosis (CME) were identified. Through biochemical purifications, "assembly" or "accessory" proteins (APs) were isolated (Zaremba and Keen, 1983; Pearse and Robinson, 1984; Ahle and Ungewickell, 1986) , and by reconstituting clathrin-coated vesicles (CCVs) in vitro, it was shown that they connect the clathrin coat to the membrane, acting as adaptors (Vigers et al., 1986) . Progress in molecular biology made it possible to express and purify modified versions of proteins, and after years of painstaking research and contradictory results, investigators were able to identify internalization signals in cargo molecules and how they are recognized by the APs. This led to the discovery of a simple tyrosine motif as the first internalization sequence that is recognized by the adaptor molecule AP2 (Traub and Bonifacino, 2013) . Elegant structural studies revealed that when AP2 is recruited to the plasma membrane, it undergoes a conformational change to enable it to bind to cargo-sorting signals and clathrin (Kelly et al., 2014;  reviewed in depth by Robinson, 2015) . All of these discoveries are perfectly in line with the postulated model from Goldstein and colleagues, which predicted the existence of such a sorting motif after their study in 1977.
FIGURE 1: Key steps in our understanding of the CCV cycle. Clockwise from top: original images showing LDL-ferritin being internalized through coated structures on the surface of normal fibroblasts (Anderson et al., 1977a) ; SDS-PAGE gel showing clathrin and adaptor proteins purified from pig brain (Pearse, 1975 ); x-ray crystallography studies revealing how tyrosine-based motifs interact with AP2 (Owen and Evans, 1998) ; in vitro studies showing that dynamin assembles into ring structures that suggest a mechanism by which dynamin might pinch off coated pits (Hinshaw and Schmid, 1995) ; studies in yeast pioneering live-cell imaging to understand dynamics of endocytic patch assembly (Kaksonen et al., 2003) ; structured illumination imaging allowing unprecedented resolution to visualize the relationship of clathrincoated structures (green) to the actin cytoskeleton (red; Li et al., 2015) . disassembly remain unanswered. One of these challenges is to understand precisely how the membrane is bent and curvature is generated to deform a flat membrane into a CCV. The delicate design and complex geometry of these vesicles has fascinated researchers since the first electron microscopy images were published. It was soon realized that the conversion of hexagonal arrangements into pentagons is essential for the transition of a flat clathrin lattice into a spherical vesicle (Kanaseki and Kadota, 1969) . However, how this rearrangement takes place is still unclear, and understanding the generation of curvature during CME has proven to be a complex challenge. Two models have been proposed that aim to explain this process. In the model of "constant curvature," the CCP grows through the continuous polymerization of coat components and steadily increases in size with constant curvature, whereas in the "constant-area" model, the CCP starts as flat lattice that is continuously deformed into a vesicle (Lampe et al. 2016) . In vitro, the stepwise polymerization of clathrin is sufficient to drive curvature in reconstituted membranes into vesicles (Dannhauser and Ungewickell, 2012; Kirchhausen, 2012) , whereas in vivo, the clathrin lattice seems to start as a flat coat that is continuously deformed into a CCV (Avinoam et al., 2015) . Among the main differences between these systems is that the membrane composition of live cells differs in some aspects to that of in vitro model membranes and many components of the membrane cannot be effectively modeled in these systems. It is therefore possible that the different properties of the plasma membrane and the presence of different cargo molecules could influence the way it can be deformed. Answering these challenging questions will greatly improve our understanding of CME and will require the collaborative effort of biologists, physicists, and mathematicians.
IMPORTANCE OF CME IN DISEASE
Brown and Goldstein were motivated to understand the reasons why their patients suffered from hypercholesterolemia. The use of patient fibroblasts suggested the importance of high-affinity receptors (Anderson et al., 1977a) . Some patients with this disorder have a mutation in the cargo recognition sequence of the LDL receptor such that the protein is unable to bind to adaptor proteins and undergo endocytosis. This inability to take up LDL leads to an excessive amount of cholesterol in the bloodstream, which can cause coronary heart disease (Anderson et al., 1977b; Marks et al., 2003) . It is therefore no surprise that the regulation of CME became crucial in understanding and battling some major healthcare challenges.
One of many examples of the importance of CME is in the development of Alzheimer's disease (AD; Nordstedt et al., 1993; Cossec et al., 2010) . Differential processing of the amyloid precursor protein (APP) is crucial for the development of AD and the disposition of amyloid plaques that are found in the brains of AD patients. The subcellular localization of APP is an important factor for its processing and determines whether it is cleaved into its amyloidogenic (pathogenic) or nonamyloidogenic (nonpathogenic) product. Whereas amyloidogenic processing takes place after uptake through CME, the nonamyloidogenic cleavage occurs at the plasma membrane (Haass et al., 2012) . Inhibition of CME shifts the processing of APP toward the nonamyloidogenic pathway, and endocytic factors have been identified as risk factors for development of AD (Harold et al., 2009; Kanatsu et al., 2014) . In the future, it will be interesting to see whether targeting endocytic uptake of APP could be a promising way to interfere with the development of AD (Schreiber et al., 2012) . In addition, CME is involved in many other diseases, such as cancer (Mellman and Yarden, 2013) , viral uptake, and bacterial infections (Cossart and Helenius, 2014) . This makes it organization to driving membrane invagination when the plasma membrane is under pressure (Aghamohammadzadeh and Ayscough, 2009 ). In mammalian cells, although the role of actin is not fully resolved, a critical need for actin when the plasma membrane is under tension has also been demonstrated (Boulant et al., 2011) .
For the investigation of CME in mammalian cells, the development of total internal reflection fluorescence (TIRF) microscopy proved to be an extremely valuable tool, which allows the basal membrane of live cells to be imaged with a very low signal-to-noise ratio while keeping a high temporal resolution. This method was pioneered by Merrifield and his colleagues, who were able to detect single endocytic events and confirm that the GTPase dynamin is recruited to CCPs, peaking at the end of their lifetime and mediating their scission (Merrifield et al., 2002) . Shortly thereafter, many different investigators used this experimental approach to precisely dissect the lifetime dynamics of CCPs from their nucleation at the membrane to their uncoating in the cytoplasm (Ehrlich et al., 2004; Merrifield, 2005, Cocucci et al., 2012; Aguet et al., 2013) . This allowed further refinement of the model proposed by Goldstein and colleagues and demonstrated the recruitment of different components to the growing clathrin lattice at different stages during its lifetime (Taylor et al., 2011) , thus helping to elucidate their mechanisms of action. It also became apparent that different cargo molecules can regulate CME through posttranslational modifications of the endocytic machinery for their efficient uptake (Ferreira et al., 2012) . This added an extra layer of intricacy to the system and resulted in the current situation in which the internalization of particular cargo molecules is sufficiently complex to warrant its own review.
FUTURE DIRECTIONS
After the use of electron microscopy to determine the morphology of CCPs and live-cell fluorescence imaging to dissect their dynamic behavior, the development of superresolution light microscopy enabled scientists to visualize CME in unforeseen detail. The resolution of conventional light microscopy is limited to ∼200 nm in the horizontal and ∼400 nm in the vertical direction. However, with a diameter of ∼150 nm, CCPs are just below this resolution limit and have been a useful benchmark for the application of many novel superresolution methods, with each technique in turn being immensely useful to investigate new details of CME (Huang et al., 2008; Miller et al., 2015) . This development has been very valuable for gaining more detailed insight into the organization of different components of the endocytic machinery and has been used to investigate the interplay of clathrin with the actin cytoskeleton in beautiful detail (Li et al., 2015) . Although superresolution microscopy is a powerful tool to investigate CME, the conventional methods used by Goldstein and his colleagues are still being used. One approach combining visualization of the morphology of CCPs by electron microscopy with the detection of coat components by fluorescent markers is correlative light and electron microscopy (CLEM). This method enables researchers to correlate the morphology of CCPs with the presence of different coat components and has been used with great effect to investigate the transition of flat clathrin lattices into spherical CCVs (Avinoam et al., 2015) . This shows that even 40 years after the article by Goldstein and colleagues, the methods that they used are still immensely valuable. With the use of biochemical purification, x-ray crystallography, live-cell fluorescence imaging, and superresolution microscopy researchers are able investigate almost every element of CME.
Notwithstanding the great advances that have been made in recent years, many challenging questions about CCV assembly and clear that the model of receptor-mediated endocytosis proposed by Goldstein and his colleagues is still at the core of developments that have the potential to affect the lives of many people.
CONCLUDING REMARKS
Anderson, Brown, and Goldstein observed the uptake of LDL though coated regions on the plasma membrane into the cytoplasm. From these simple observations, they were able to postulate a model of receptor-mediated endocytosis that has provided the conceptual framework for this pathway for researchers ever since. Understanding the pathway is of interest not only to those involved in elucidating fundamental endocytic processes but also to many other researchers. Owing to its central role in cell biology, CME is intimately connected to key advances in fields such as neuroscience, cell signaling, and immunology, as well as for mechanisms of development and adult homeostasis. Gaining a better understanding of it will benefit all of these fields. A challenge for the future is to understand how this key cellular pathway is regulated in cell-and tissue-specific contexts. Tremendous progress has already been made, and, with the development of new methods to investigate CME, the field is sure to progress even further. However, the findings from Goldstein and his colleagues will always be the foundations upon which this progress is being made. Therefore, when we feel overwhelmed by the ever-increasing complexity of the field, it is good to remind ourselves that its foundation is the clever interpretation of simple observations made >40 years ago.
